Plant quality of dioecious hydrilla was studied as a factor that may influence larval survival, growth, and development of the biological control agent Bagous hydrillae. Nitrogen content and stem toughness of hydrilla varied among the five sites studied and between summer and fall collections. The nitrogen content of hydrilla collected during summer ranged from 1.2 to 3.6% (dry weight) and during fall from 1.6 to 2.9%. Stem toughness ranged from 487 to 940 g/mm 2 during the summer and from 418 to 1442 g/mm 2 during the fall. The larvae of this weevil species required more time to complete development when fed hydrilla containing lower levels of nitrogen and tougher stemmed plants. Moreover, pupal and adult fresh weights were also reduced when the larvae were fed the poorer quality plants. Relative growth rates were reduced in larvae fed hydrilla of lower nitrogen level and tougher plants. Hydrilla plant quality constitutes an important factor that may limit the establishment and impact of this potential biological control agent. r 1997 Academic Press KEY WORDS: biological control of weeds; dioecious hydrilla; Curculionidae; Bagous hydrillae; leaf toughness; nitrogen.
INTRODUCTION
It is widely recognized that plant quality influences herbivore survival, growth, and development Berenbaum, 1991, 1992; Stamp and Casey, 1993) . In addition to plant defenses, plant nutrient content (Slansky, 1993; White, 1993) and physical characteristics (Grubb, 1986 ) may also influence herbivore performance. For example, larvae of the ephydrid fly Hydrellia pakistanae Deonier fed relatively poor quality (low nitrogen levels and high leaf toughness) plants of the aquatic weed hydrilla Hydrilla verticillata (L.f.) Royle had increased mortality, decreased growth rates, and reduced adult weight compared with insects fed higher quality plants (Wheeler and Center, 1996) . We predict that low plant quality is a common factor that reduces the impact of insects imported for weed biological control.
The Australian weevil Bagous hydrillae O'Brien (Balciunas and Purcell, 1991) was introduced into the United States for biological control of hydrilla. Release of this species began in 1991, and to date, at least two field populations have established, one in Florida and another in Texas (Center et al., unpublished data) . Considerable difficulty has been experienced in establishing this species despite release of several thousand individuals throughout the area. Among the factors that could influence weevil performance and establishment, the quality of hydrilla, which varies greatly at different sites (Zimba et al., 1993) , may be of critical importance. The goal of this study was to determine the effects of plant nitrogen and stem toughness on B. hydrillae larval survival, growth, and developmental rates.
MATERIALS AND METHODS
Sites. Dioecious hydrilla samples were collected at five sites in southeastern Florida that comprised a range of plant nitrogen content and plant toughness (Wheeler and Center, 1996) . These sites included Lake Helen Blazes (HNB), located in Brevard County, and Sky Lake (SL), Miami Canal (MC), Hacienda Village (HV), and L-Lake (LL), all located in Broward County. These water bodies were flowing rivers or canals (HNB and MC) and artificial lakes (SL, HV, and LL), all of which have been heavily infested with hydrilla consistently each year. Four hydrilla samples (about 500 g), separated by about 100 m, were collected from each site, consisting of a contiguous section of the upper 20 cm of the bed. From each sample, five apical shoot cuttings ca 20 cm in length, were measured for stem toughness; the remainder of the sample was used for nitrogen determinations. The hydrilla at each site was sampled during the summer (July) and fall (NovemberDecember).
Plant quality. Hydrilla samples were analyzed for stem toughness with a gram gauge (Halda, Stockholm, Sweden) modified with a 0.53-mm-diameter blunt probe, which measured the pressure required to completely penetrate each stem (Sands and Brancatini, 1991; Wheeler and Center, 1996) . Stems were analyzed while on a Plexiglas stage equipped with a lid that held the stems in place. Holes in the lid and base acted as guides for the insertion of the probe. Hydrilla stem toughness was analyzed sequentially, starting with the point 5 cm from the apex of the shoot and cutting toward the base at 5-cm intervals (i.e., 5, 10, 15, and 20 cm). Each sample was submersed in a water-filled shoe box for 0 to 3 days until ready for use. Percentage nitrogen of the hydrilla dry weight was determined with a modified Kjeldahl method (Allen et al., 1974) .
Weevil mortality, growth, and development. Bagous hydrillae weevils were collected from our laboratory colony (approximately 3 years in culture without infusion of wild individuals). Eggs were inserted individually by hand into hydrilla stems within 5 cm of the tip. Larvae (15 per site) were reared to pupation in petri dishes (15 3 3 cm) lined with moist filter paper and sealed with parafilm. The larvae were checked daily, mortality was recorded, and fresh hydrilla stems were added as needed. The length of time for the larvae to reach the prepupal, pupal, and adult stage was recorded, as were pupal and adult weights using an analytical balance (610 µg). Relative growth rates (5RGR) of larvae were calculated according to the following formula: fresh weight gained (mg)/average fresh weight of the larva during the experiment (mg) · development time (Kogan, 1986) . Adult gender was determined by dissection and examination of the genitalia.
Data analysis. All analyses were conducted with SAS/PC, PROC GLM unless otherwise noted (SAS Institute, Inc., 1988) . Nitrogen content and stem toughness were analyzed with a two-way analysis of variance (ANOVA), where site and season were the main effects. The influence of plant quality on larval developmental rates and adult weight was analyzed as a three-way factorial design, where site, season, and weevil sex were the main effects. Means were compared by the Ryan Q test (P 5 0.05). Linear regression (PROC REG; SAS Institute, 1988) was used to assess the relationship between RGR and leaf quality.
RESULTS

Plant quality.
Tissue nitrogen concentrations varied among the five sites (F 5 130.1; df 5 4,27; P , 0.0001). As the interaction of the two effects (site 3 season) was significant (F 5 14.9; df 5 4,27; P , 0.0001), each effect was analyzed at fixed levels of the other (Montgomery, 1984) . Analysis of the effect of season within each site indicated that nitrogen content was significantly greater in hydrilla from HNB (F 5 46.9; df 5 1,6; P 5 0.0005) during summer and greater at HV (F 5 8.1; df 5 1,4; P 5 0.05) and LL (F 5 14.4; df 5 1,6; P 5 0.009; Fig. 1 ) during fall. Among-site analyses indicated that hydrilla from HNB had the greatest percentage of nitrogen during both seasons. The hydrilla from HV and LL had the lowest percentage of nitrogen during the summer, as did the hydrilla from MC and LL during fall (Fig. 1) .
Stem toughness differed significantly by season (F 5 27.7; df 5 1,39; P , 0.0001), site (F 5 258.7; df 5 4,39; P , 0.0001), and distance from the tip (F 5 39.7; df 5 3,39; P , 0.0001; Fig. 2 ). Linear regression indicated that stem toughness increased from the tip toward the base during both seasons at all sites except HNB during summer and at SL during both summer and fall (Fig. 2) .
Weevil mortality, growth, and development. Percentage mortality (mean 6 SE) of weevil larvae (summer, 26.0 6 4.8%; fall, 28.5 6 3.6%) was not influenced significantly by season or site. Larval development time differed significantly by season (F 5 38.3; df 5 1,136; P , 0.0001) and site (F 5 20.5; df 5 4,136; P , 0.0001). Moreover, the interaction of these two effects was significant (F 5 7.8; df 5 4,136; P , 0.0001). Withinsite comparisons indicated that larval development times were significantly longer when fed hydrilla collected during the summer at all sites except HNB (Fig.  3) . Among-site comparisons indicated that during the summer the larvae required the longest development time when fed hydrilla from LL and the shortest time when fed hydrilla from HNB. Larvae fed the fallcollected hydrilla had the longest development times when fed material from HV and MC, whereas the shortest development times occurred on HNB hydrilla.
Pupal fresh weight differed significantly by season (F 5 6.9; df 5 1,123; P 5 0.01) and site (F 5 7.3; df 5 4,123; P , 0.0001). Moreover, the interaction of these two effects was significant (F 5 5.8; df 5 4,123; P 5 0.0003). Within-site comparisons indicated that pupal fresh weight differed between weevils fed summer-and fall-collected hydrilla only at HNB (F 5 27.5; df 5 1,37; P , 0.0001; Fig. 3 ). Among-site comparisons indicated that the larvae fed summer-collected hydrilla from HNB had the greatest pupal fresh weight, whereas the smallest pupae were produced from larvae fed LL hydrilla (Fig. 3) . Larvae fed fall-collected hydrilla from SL had the greatest pupal fresh weight, whereas those fed the HV hydrilla had the lowest pupal fresh weight. Moreover, mean (6SE) pupal fresh weight was significantly greater for females (2.87 6 0.06 mg) than for males (2.51 6 0.05 mg; F 5 23.7; df 5 1,123; P , 0.0001).
Adult fresh weight differed significantly by season (F 5 11.0; df 5 1,148; P 5 0.001) and site (F 5 5.2; df 5 4,148; P 5 0.0006). Moreover, the interaction of these two effects was significant (F 5 3.8; df 5 4,148; P 5 0.006). Within-site comparisons indicated that adult fresh weight differed between weevils fed summer-and fall-collected hydrilla only at HNB (F 5 16.6; df 5 1,31; P 5 0.0003) and the SL site (F 5 10.3; df 5 1,38; P 5 0.003; Fig. 3 ). Among-site comparisons indicated that the greatest adult fresh weight occurred when larvae were fed summer-collected hydrilla from HNB and the smallest adults were from larvae fed LL hydrilla (Fig. 3) . The fresh weight of adults fed fallcollected hydrilla did not differ significantly. Moreover, the mean adult fresh weight was significantly greater for females (1.88 6 0.04 mg) than for males (1.56 6 0.03 mg; F 5 36.0; df 5 1,166; P , 0.0001).
Linear regression analysis indicated that both percentage of nitrogen and leaf toughness significantly influenced larval RGR. Larval RGR decreased significantly when fed hydrilla consisting of low nitrogen content and greater stem toughness (Fig. 4) . However, the same relationship was not found for larvae fed the fall-collected hydrilla.
DISCUSSION
Weevil larvae fed relatively high-quality hydrilla, containing high nitrogen levels and having soft stems, had increased performance compared with larvae fed low-quality hydrilla. Although mortality was not significantly affected, larval development time was shorter FIG. 2. Mean (6SE) stem toughness of hydrilla collected during summer and fall at five sites at different distances from the stem tip. All linear regressions were significant except HNB during summer and SL during both seasons. Summer: HV r 2 5 0.33, P , 0.0001; LL r 2 5 0.18, P , 0.0001; MC r 2 5 0.23, P , 0.0001. Fall: HNB r 2 5 0.20, P , 0.0001; HV r 2 5 0.25, P , 0.0001; LL r 2 5 0.20, P , 0.0001; MC r 2 5 0.20, P , 0.0001.
FIG. 3.
Mean (6SE) performance of B. hydrillae larvae fed hydrilla collected during summer and fall at five sites in south Florida (1994). Within-site differences between summer-and fallcollected hydrilla are indicated with an asterisk. Among-site comparisons were not significantly different if the same uppercase letter appears above open bars (summer) or if the same lowercase letter appears above solid bars (fall). Adult fresh weight did not differ significantly for larvae fed hydrilla collected during fall. and pupal and adult weights were increased when the larvae were fed higher quality hydrilla. For summercollected hydrilla, larval RGR increased significantly with increasing nitrogen levels and decreasing stem toughness. These results are similar to those of another biological control agent of hydrilla, the ephydrid fly, H. pakistanae, which also had increased performance when fed hydrilla with relatively high nitrogen content and soft leaves (Wheeler and Center, 1996) . Increases in performance also occurred in other weevil species fed high quality food. Increased egg production and decreased preoviposition periods occurred in the black vine weevil (Brachyrhinus sulcatus (F.)) when fed strawberry plants containing relatively high levels of nitrogen (Cram, 1965a,b) . Fecundity increased in boll weevils when the adults were fed artificial diets containing higher nitrogen levels (Hilliard and Keeley, 1984a,b) and in Cyrtobagous salviniae Calder and Sands when the weevils were fed salvinia fertilized with nitrogen (Sands et al., 1983; Room et al., 1989) . Moreover, increased performance (increased survival, decreased development time, and increased adult weight) occurred with Hylobius weevils fed nitrogen-treated pines compared with lower nitrogen treatments (Hunt et al., 1993) . Although fecundity was not assessed in our experiment, based upon the results of these studies relating increased fecundity to consumption of highquality plants, we would expect a similar increase in the biotic potential of B. hydrillae fed the high-quality hydrilla. Nitrogen composition has been frequently shown to influence weevil performance; however, the results reported here, to our knowledge, are the first to demonstrate the importance of tissue toughness on weevil performance.
As the hydrilla samples were field-collected, we could not control the interaction between the two plant factors monitored, percentage of nitrogen, and stem toughness. However, our results suggest, as do those of others (Loveless, 1962; Feeny, 1970; Hough and Pimentel, 1978; Van Soest, 1982; Coley, 1983; Potter and Kimmerer, 1986) , that these factors are negatively correlated, as the nitrogen concentration was generally highest in plants with the lowest stem toughness (r 5 0.93; P 5 0.008 for the summer collections only). Percentage of nitrogen also decreased (Spencer et al., 1994; Wheeler and Center, 1996) and stem toughness increased from the growing tip toward the stem base. Data for terrestrial (reviewed by Wheeler and Center, 1996) and at least one floating aquatic plant species (Wright and Bourne, 1986) indicated that plant quality decreased as plants age. Plant phenological stage can also influence hydrilla quality, where percentage of nitrogen of hydrilla shoots decreased, as the plants changed from vegetative to reproductive nutrient allocation (Spencer et al., 1994) . We expected that hydrilla quality would decrease as the plants changed their nutrient allocation to reproduction, induced by the decreasing day length of the fall season (Van et al., 1978) . However, the quality of hydrilla in our experiment did not change consistently from summer to fall (results supported by Boyd and Blackburn, 1970) . The percentage of nitrogen increased at two sites, decreased at one, and remained unchanged at two others. We did not assess plant age in our experiments. Possibly, collections of hydrilla from the same plants, instead of randomly selected plants, during different seasons would have produced results of decreasing quality as the plant aged. If this seasonal decrease in hydrilla quality does occur, as we suggest, it may significantly decrease the growth and development of the weevil larvae.
Herbivore growth and development can be influenced by plant-quality factors, two of which consistently include nitrogen and toughness. The nitrogen values expressed in this study represent the levels present in both the leaves and stems combined. However, herbivore feeding is frequently much more selective, and in the case of B. hydrillae, weevil larvae feed inside the stems. Nitrogen levels in hydrilla plants are higher in leaves (1.5-to 1.7-fold) than in stems (Guha, 1965) and therefore the dietary nitrogen levels are probably much lower than that reported here. Moreover, we measured the pressure needed to penetrate the entire hydrilla stem with our penetrometer device. However, the female weevils penetrate the outer stem epidermis before ovipositing in the stems (Balciunas and Purcell, 1991) . This behavior undoubtedly benefits the first instars as they begin to feed and bore through the stem tissues. Although our measurements of these plant-quality factors may not have assessed the quality of the actual tissues consumed, they do approximate those values. Further studies that evaluate the quality of the tissues actually consumed on insect performance and the effect of each plant-quality factor separately with minimal variation in other factors are needed.
High toughness of the plant tissue may be related to high concentrations of tissue lignin and fiber (Buendgen et al., 1990; Choong et al., 1992) , constituents that decrease the digestibility of the ingested food (Martin, 1987; Wheeler and Slansky, 1991) and potentially restrict the movement of and consumption by small internal feeding leaf miners and stem borers (Hagen and Chabot, 1986; Kimmerer and Potter, 1987) . Furthermore, the penetration of plant tissues by these internal feeders may be impeded, as suggested by preliminary studies with H. pakistanae (Wheeler, unpublished results) , where the first instars apparently experienced considerable difficulty penetrating the tougher leaves of hydrilla, resulting in nearly 100% mortality. The negative impact of low plant nutrient levels can be augmented by natural enemies, as exposure time to these biotic mortality factors may be increased (Damman, 1987; Stamp and Bowers, 1990) .
Water velocity can influence the species composition and the quality of the plants in a water body (Haslam, 1978) . For example, several submersed aquatic species (curleyleaf pondweed, elodea, and Eurasian watermilfoil) grown in flowing water (0.25 to 0.67 m/s) had greater fiber content (acid detergent fiber), but no significant difference in nitrogen content, compared with plants from static water bodies (Pine et al., 1991) . The herbivorous grass carp (Ctenopharyngodon idella Val.) ate significantly more of the low fiber, static water-body plants compared with the high-fiber individuals. Our results from hydrilla collected in canals (HNV and MC), where water flow is barely detectable, did not support these reports; in fact, the hydrilla from these sites was among the softest sampled. Possibly, hydrilla will develop tougher tissues when grown in greater flow velocities, such as near spring boils, which in Florida may reach 0.2 m/s (Odum, 1957) . If hydrilla toughness and fiber content increases in high velocity water bodies, we expect that it will be more resistant to attack by our two biological control agents H. pakistanae and B. hydrillae.
The importance of plant quality in the biological control of weeds has been demonstrated in several notable examples (Dodd, 1940; Room et al., 1981; Taylor, 1984; Wheeler and Center, 1996) . Nitrogen content of the host plant has played a key role in the establishment of a few biological control agents and in the production of outbreak populations of exotic and native herbivorous insects (Myers, 1987) . The results reported here indicate that hydrilla grown at different sites differed in nutritional quality and that these differences influenced the relative growth rates of the weevil larvae. Although larval mortality was not affected, the impact of these nutritional differences on larval performance may limit the establishment of this species to sites with nitrogen-rich, soft-textured hydrilla.
